Zn 1-x Cd x :Cu 0.03% ,Cl (where x = 0.5-0.9) infrared emitting phosphors have been synthesized by an aqueous thermal decomposition method. The aim was to developing infrared emitting phosphors for coding, marking, and identification applications. The phosphors were characterized by, X-ray powder diffraction, scanning electron microscopy and photoluminescence spectroscopy. The emission band at 1000 nm was sufficiently far into the infrared region that visible emission was minimized. Co-doping Zn 1-x Cd x S:Cu 0.03% with Al 3+ increased the infrared emission intensity to over twice that of the equivalent Zn 0.3 Cd 0.7 S:Cu 0.03% phosphor (with no Al 3+ ion co-doping), with the highest intensity being found for the phosphor composition Zn 0.1 Cd 0.9 S:Cu 0.03%, Al 0.03% . It is shown herein that the inclusion of Al 3+ into the phosphors causes the formation of cells with smaller cell volume, and it is suggested that this is the prerequisite for the improved photoluminescent properties. Finally we have shown herein that these infrared emitting powder phosphors are thus able to meet marking and coding requirements, especially in low light and poor visibility. Although the uses of phosphors are widespread in modern technologies and they are common in the display and lighting industries where products find applications in both domestic and commercial applications, their use in other areas is less widely appreciated. Such uses include:-on postage stamps to help letter sorting, on currency and bank notes for secrecy/authenticity, thermometry, luminescent paints and glow in the dark toys. In addition there are a number of military applications.
Although the uses of phosphors are widespread in modern technologies and they are common in the display and lighting industries where products find applications in both domestic and commercial applications, their use in other areas is less widely appreciated. Such uses include:-on postage stamps to help letter sorting, on currency and bank notes for secrecy/authenticity, thermometry, luminescent paints and glow in the dark toys. In addition there are a number of military applications.
Recently the wide availability of near-ultraviolet light and visible light emitting diodes (LEDs) and laser diodes in addition to infrared emitting systems has made the remote excitation of infrared emitting phosphors a practical possibility. Infrared emitting powder phosphors have the potential to meet marking and coding requirements, especially in low light and poor visibility.
The advantages of IR emitting powder phosphors are:-1) That they can be easily deposited by conventional techniques to form large areas, if required, either by simple settling techniques, or by inclusion in a binder suitable for screen or ink-jet printing (the binder of course must be transparent over the required spectral range). 2) Such deposited powder layers, depending on their thickness and particle size and particle morphology etc., can be used in a transmission or a reflective mode with suitable UV or visible excitation sources.
The ease of fabrication and the wide excitation spectra of the phosphors as well as their efficiencies facilitate a wide range of potential applications, including the following as preliminary examples: a) For use in coding/marking systems as simple IR sensitive markers. b) For improved marking/detection in conjunction with night vision systems.
The origins of the green luminescence in ZnS:Cu phosphors (where Cu is introduced as a dopant into the ZnS lattice) has been attributed to a luminescent center consisting of an activator (A -acceptor)(Cu) and a co-activator (D -donor) (Al or halide). Luminescence arises from transitions from the D level to the A level. 1 It has been reported that by increasing the cadmium concentration in Zn 1-x Cd x S solid solutions the photoluminescence emission band can z E-mail: Terry.ireland@brunel.ac.uk be moved to longer wavelengths This is because the bandgap energy (E g ) decreases with increasing cadmium concentration, from 3.91 eV for ZnS to 2.58 eV in CdS. 2 Werring et al. used Zn 0.4 Cd 0.6 S:Cu with an emission peak at ∼900 nm in order to match with the absorption peak of a silicon thyristor for use in an infrared switching device. 3 It has been shown that by varying the zinc to cadmium ratio, fine tuning of the wavelength of the photoluminescent emission band can be achieved. [2] [3] [4] [5] [6] A major requirement for the purpose of this work was to move the emission peak of the phosphor sufficiently far into the infra-red region so that visible light emission was minimized resulting from the high energy side of the band was minimized, whilst maintaining sufficient intensity at infrared wavelengths which could be detectable by night vision systems.
Zn 1-x Cd x S:Cu phosphors with higher cadmium concentrations higher than Zn 0.4 Cd 0.6 S:Cu were selected for this study with the aim that the increased cadmium concentration would result in the emission band being moved sufficiently far into the near infrared region. We have previously reported the synthesis and properties of the infrared emitting ZnCdS:Cu, In, Cl phosphors. 7, 8 In addition we have also reported brief details of this Zn 1-x Cd x S:Cu,Al,Cl phosphor system, 9 but in this work we present a much more complete study.
For a number of years Al 3+ has been added as a co-dopant to green emitting ZnS:Cu phosphors that have been used in cathode ray tube (CRT) devices. [10] [11] [12] In addition, ZnS:Cu,Al has been investigated for use in low voltage field emission devices, 13 as nanocrystals 14 and as quantum dots (QDs). 15 From these studies on co-doping with Al 3+ that reported the visible photoluminescence properties of ZnS:Cu,Al it was apparent that the dopant confers useful attributes when it is added. We therefore report herein the effects on the photoluminescent emission of Zn 1-x Cd x S:Cu,Cl infrared emitting phosphors when co-doped with Al 3+ cations. Previously we have also reported brief details of this Zn 1-x Cd x S:Cu,Al,Cl phosphor system, 9 but in this work we present a much more complete study.
It is worthwhile before proceeding into the paper to consider the effect of cadmium in the environment as we are suggesting its use in these infra-red emitting phosphors. In the last decade or so nearinfrared emitting lead-based quantum dots (QD) have been the subject of considerable attention due to their potential applications in for instance solar cells, bio-imaging, telecommunications, and quantum computing. 16 Such QDs can be tuned to emit from 750 to 3700 nm which at first site appears to make them very good candidates for these applications, however there are a number of drawbacks even allowing for the fact that improving synthetic methods have led to fairly R3058 ECS Journal of Solid State Science and Technology, 7 (1) R3057-R3063 (2018) uniform and narrow size distribution of these lead-based quantum dots, The drawbacks include price of the QDs, the fact that they are often lead based (which makes them toxic and a possible environmental hazard) and of course their stability under atmospheric conditions which is a challenge. The stability of these QDs can be improved by the application of a passivation shell which is normally grown over the QDs to form a core/shell structure which in turn improves the stability, but toxicity and price is still an issue. It is worth mentioning that other QDs (not lead based) have problems. For example, the emission bands from CdSeTe/ZnS, 17 CdTe/CdS, 18 CdSeTe/CdS, 19 CdSeTe, 20 and ZnS/CdS 21, 22 QDs are not sufficiently far enough into the infrared region (∼800-850 nm) for them to have been considered for investigation herein.
An objection often raised against cadmium containing phosphors is that cadmium is toxic and therefore an environmental hazard. In 2015, Coe-Sullivan 23 put forward an interesting defence of the use of cadmium in QDs that are used in high value QDLED displays he pointed out that the amount of Cd present was small and moreover, the quantity compared to the level in the environment as a result of burning fossil fuels, is in fact miniscule and therefore not an issue. Indeed cadmium containing QDs have been employed/proposed for a range of applications in, for example, bio-imaging. 24, 25 In the last fifteen years, there has been significant research and development in biomedical imaging and diagnostics applications using semiconductor nanocrystals with near-infrared (NIR) absorption and emission spectra. [26] [27] [28] [29] In comparison to visible emitting QDs, NIR nanocrystals with emission spectra in the 700-1700 nm spectral range have advantages including reduced photochemical damage and enhanced tissue penetration. However such nanocrystals have found only limited uses in biology and medicine because of their inherent disadvantages such as low quantum yields large particle sizes, poor photo-stability, or broad emission spectra. In contrast, the more established visible light emitting QDs have very different physical dimensions (they are smaller by a factor of 3-4 in diameter, and by a factor of 27-64 in volume), that can still cause problems such as large variations in steric hindrance, signal brightness, and binding kinetics in biological environments. [30] [31] [32] The point of interest is that such Cd containing QDs should even be considered for such uses suggests these materials are not considered to be such a health hazard. It should be noted that in the Zn 1-x Cd x S:Cu,Al,Cl phosphors discussed below (although containing significantly more Cd than the QDs) would only be used if they were in confined either by coating or other means so they would not be an environmental pollutant.
Experimental
Materials.-Thiourea dioxide (TDO), formamidinesulfinic acid), cadmium acetate, zinc acetate dihydrate, aluminum chloride and copper acetate were obtained from Sigma Aldrich. All chemicals were used as supplied. 2+ and Cd 2+ , was used as the method of choice for the precipitation of doped ZnCdS phosphor precursors. We have previously employed thermal aqueous TDO decomposition in the preparation of ZnS:Cu,Cl for cathode ray tube phosphor applications. 33 Cadmium acetate and zinc acetate dihydrate (0.05 moles in total) were dissolved in water. Aqueous copper acetate solution (15 ml, 0.001 M), and where appropriate, aqueous aluminum chloride solution (0.001 M) were added. The solution was heated, with stirring to boiling. TDO (1 mole, 108.12 g) was added. Once precipitation had begun, the heating was continued for 1 hour. The mixture was allowed to cool, and filtered. The precipitate was air dried at ∼100
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• C, then fired with sodium chloride (2% of the mass of the precipitate) at 880
• C for 1 hour. The fired phosphor was washed with boiling glacial acetic acid/water (1:1 ratio) to remove any zinc oxide that may have formed during the firing process, then dried and used. Samples of these phosphors that were prepared 14 years ago and kept in polythene sample bags with no additional protection from the general atmosphere still work well. This shows they are not affected badly by moisture or oxygen. This is unlike CaS:Eu red phosphors that decay rapidly in the atmosphere.
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X-ray powder diffraction and scanning electron microscopy.-X-ray powder diffraction measurements were made using a Bruker D8 powder diffractometer fitted with a nickel-filtered copper source and a LynxEye silicon strip detector. Data were recorded from 5 to 100
• 2θ at 293 K, and the data were fitted using a standard refinement method by means of a Bruker AXS TOPAS version 3 Rietveld refinement computer software. The background was refined using a Chebychev polynomial and a correction for 2θ was made using a National Institute of Standards and Technology standard calibrant. Scanning electron microscope images were obtained by utilising a Zeiss Supra 35VP scanning electron microscope.
Photoluminescence (PL) measurements.-Photoluminescent measurements were carried out using a Horiba Scientific Fluorolog spectrofluorometer-Horiba iHR 320 spectrometer system. The Fluorolog-3 spectrofluorometer comes equipped with a 450W XE OFR short arc xenon lamp mounted vertically in an air-cooled housing; light collection and focusing are achieved by an off-axis mirror for maximum efficiency at all wavelengths. The monochromators are f /3.6 Czerny-Turner design with kinematic classically-ruled gratings with a 0.3 nm resolution and all-reflective optics. The system has a double-grating excitation monochromator and single-grating emission monochromator. The automatic slits are continuously controlled via computer with settings from 0 to 30 nm. The system has a reference photodiode for excitation correction from 200 nm to 980 nm and a room-temperature side-on R928P emission detector for high sensitivity in photon-counting mode (180 nm to 850 nm). Linearity to 2 × 106 cps; < 1000 dark counts per second.
Blue laser diode.-A blue laser diode (Wicked Lasers, Model
No.ARC44501, Kowloon, Hong Kong) emission wavelength 445 nm was used to excite the phosphors for imaging of their visible and infrared emissions.
Night vision system.-The infrared emissions from the phosphor were imaged using a generation 2 PNP-pocket scope night vision system (Pyser-SGI Ltd., Melbourne, Australia). The night vision images were collected with a digital camera (Panasonic MDC-FS35, Osaka, Japan. A long wave pass filter (Medway Optics Ltd., Chatham, UK, cut-on of 900 nm) was used to observe the pure infrared emission of the phosphor above 900 nm. To eliminate the strong blue emissions from the laser diode a filter with a cutoff from 315 nm to 535 nm was obtained (Univet Optical Technologies, Rezzato, Italy).
Results and Discussion
X-ray powder diffraction data.-The X-ray powder diffraction data of Zn 0.4 Cd 0.6 S:Cu 0.03 , Al 0.03 , Cl is displayed in Figure 1 (where the major peaks are indexed). The powder diffraction data was in good agreement with known values for a similar zinc cadmium sulfide compound (Zn 1.95 Cd 0.805 S, PDF 2011 PDF 00-040-0835). It is likely that the disorder in the diffractogram, which was evidenced by the broadening of the base of the diffraction peaks, was due to the compound being composed of a mixture of zinc sulfide and cadmium sulfide lattices which have difference in lattice constant of approximately 10%. 35 In Table I the cell constants and cell volumes as well as the percentage of each cell present are presented for each phosphor that was synthesized. In all cases the cells present were fitted to hexagonal wurtzite type cells known as the "Greenockite" type structures. Plots of the average volume for each phase against the %Cd present are presented in Figure 2 for the two sets of materials (those containing Al 3+ and those that do not). Weighted cell volumes were derived by multiplying the cell volume by the percentage of each cell present and then adding them together. These cell volumes are only used for the plot presented in Figure 2 of cell volume against percentage of Cd content, and thus no errors are calculated for them. It is apparent from Figure 2 that the phosphors containing the Al 3+ cations manifest smaller cell sizes than those that do not. This finding indicates that the Al 3+ cations are responsible for the observed contraction in the cell sizes.
Field emission scanning electron microscopy.-The scanning electron microscope image in Figure 3 shows particles of Zn 0.4 Cd 0.6 S:Cu 0.03 , Al 0.03 , Cl, the size and morphology of these particles (1-6 μm diameter) were typical of the size and morphology of all particles prepared in this work. The relatively small particles may be advantageous for production and application of inks based on this phosphor. Such inks could be used for the production of large area infrared emission panels. The ability to simply print a new design for a large area emissive panel as required would be advantageous in terms of cost and ease of modification compared to using large arrays of infrared emitting LEDs.
Photoluminescence studies.-It has been established that ZnS:Cu, Cl has a green emission peak which is shifted to longer wavelength by about 60-70 nm compared to ZnS:Cl 36 which means that a lower cadmium concentration would be required to reach a specified wavelength in the infrared region for Zn 1-x Cd x S:Cu,Cl compared to Zn 1-x Cd x S:Cl. Weighted cell volumes were derived by multiplying the cell volume by the percentage of each cell present and then adding them together. These cell volumes are only used for the plot presented in Figure 2 of cell volume against percentage of Cd content, and thus no errors are calculated for them. The photo-luminescent excitation (PLE) spectra, at 1000 nm emission, of Zn 1-x Cd x S:Cu 0.03 ,Al 0.03 ,Cl (where x = 0.5-0.9) phosphors are presented in Figure 4 , and the corresponding PL emission spectra in Figure 5 . For each of the phosphors with the zinc/cadmium ratios in the excitation spectrum (Figure 4) there was a broad peak at ∼365 nm and a more intense sharp peak between ∼460-505 nm which shifts to longer wavelengths with increasing cadmium concentration, and an intense very broad excitation band between ∼520 nm and ∼645 nm. The relatively strong excitation band at ∼365 nm facilitates the use of long wavelength UV lamps and UV emitting LEDs as backlights when they are used in infrared emission panels and the broad excitation in the blue region means that phosphors could also be excited by blue light emitting LEDs. The fact that the PLE spectra are broad and cover most of the visible range means these phosphors can be excited by most wavelengths of visible light between 400 nm and 650 nm. Addition of Al 3+ ions as a co-dopant resulted in blueshift in emission intensity (see Figure 5 ) compared to the corresponding Zn 1-x Cd x S:Cu 0.03 ,Cl phosphors (see Figure 6 ). The shift to shorter wavelengths was ∼70 nm for Zn 0.5 Cd 0.5 S:Cu 0.03 ,Al 0.03 ,Cl but diminished as the cadmium concentration increased and the bandgap energy (E g ) reduced. The blueshift for Zn 0.9 Cd 0.1 S:Cu, Al,Cl was ∼30 nm. It should be noted that in both Figures 5 and 6 the phosphors were excited by orange light. It is also possible to excite them to emit infrared with most wavelengths across the visible spectrum (see their excitation spectra in Figure 4 and some additional Pl spectra excited at other wavelengths in Figure 7 ). The relative change in the intensity of the emission peak shown in Figure 7 indicates that the higher energy excitation wavelengths cause more intense emission in the infrared. It is apparent that for secret remote excitation then excitation sources giving out UV light can be used (see below for examples where a UV light source, or blue laser diodes are presented).
A comparison of the emission brightness of Zn 1-x Cd x S: Cu 0.03 ,Al 0.03 , Cl and Zn 1-x Cd x S:Cu 0.03 ,Cl (where x = 0.5-0.9), is presented in Figure 8 . For the phosphors which did not include Al 3+ as a co-dopant, there was a small increase in emission intensity with cations manifest the desired emission characteristics in both modifying the position of the emission and the enhanced emission intensity, that these properties originate from the presence of the Al 3+ cations. The most likely explanation is that the cell contraction caused by the presence of the Al 3+ cations observed in this work is the main cause of the change in the emission properties. Thus the copper cations experience stronger crystal fields in the smaller Al 3+ containing lattices. These findings indicate that stronger or modified crystal fields cause both blue shifted emission and enhanced emission intensity. Moreover such crystal fields can be readily achieved by doping the lattice with additional small cations. Finally it may be that it is a combination of the smaller lattice squeezing the Cu cations and the Al-Cu pairs that is responsible for the PL emission properties. Device fabrication and testing.-Recently we have carried out studies using blue laser diodes to assess the performance of phosphor screen and yttrium aluminum garnet crystals doped with cerium. [37] [38] [39] To test the possible application of the phosphors for marking at night a sample of Zn 0.4 Cd 0.6 S:Cu 0.03 ,Al 0.03 was made up by putting the powder between two glass microscope slides as seen in Figure 9a , the body color of the phosphor is orange-brown under white light illumination. In Figure 9b the sample from 9a is seen under 366 nm light excitation, its emission in the visible region is deep red. In Figure  9c the same sample is seen through a night vision system where the visible light is filtered out using a long wave pass filter with a 900 nm cut-on (which eliminates all the wavelengths below 900 nm) allowing observation of the pure infrared emission of the phosphor. In Figure  10a the same screen from Figure 9 is excited by a 0.5 mW laser diode emitting at 445 nm; the red emission is flooded by the blue emission of the laser diode. Figure 10b shows the same screen as used in Figure 10a excited with the laser diode but using a filter with a cutoff from 315 nm to 455 nm to eliminate the laser diodes blue emission, again the emission is deep red. In Figure 10c the sample is imaged through the night vision system with both filters in place. The images presented in Figures 10a-10c show that the emission is very bright where the area that the laser diode beam directly strikes the sample, this results in the digital camera saturating producing a perceived white emission. The surrounding areas not directly excited by the laser shows the deep red emission in Figure 10b and the secondary green emission of the Gd 2 O 2 S:Tb night vision phosphor screen showing the pure infrared emission above 900 nm in Fig. 10b. Figures 9 and 10 illustrate the viability of the phosphors for marking/coding using UV or laser diode light sources. Thus we have clearly demonstrated that the remote excitation of these phosphors using UV or visible emitting laser-diodes is a practical possibility. These infrared emitting powder phosphors are thus able to meet marking and coding requirements, especially in low light and poor visibility.
Conclusions
The facile synthesis and broad excitation range of Zn 1-x Cd x S: Cu,Al,Cl phosphors has been presented herein. The phosphors remain stable in the atmosphere for many years when stored as powders in polymer bags.
The broad excitation band stretching from the deep red allows many different wavelengths of light to be used to excite these phosphors to generate infrared emission. Herein we have demonstrated that blue, green, yellow and orange light as well as UV will excite the phosphors. The blue region of the visible spectrum allows the use of blue light emitting LEDs to be used as backlights, and the excitation band at 365 nm means that UV LEDs, UV laser diodes and UV lamps could be used as excitation sources. The emission band at 1000 nm was sufficiently far into the infrared region to minimize the emission of visible light, and at the same time support detection by night vision systems. Fine tuning the zinc-cadmium ratio allows the fine tuning of the emission wavelength. Co-doping with Al 3+ increased the infrared emission intensity up to more than twice that of the equivalent ZnCdS:Cu,Cl phosphor (without Al 3+ co-doping). We have shown that the Al 3+ co-doping leads to cells with smaller volumes, and have suggested that the decrease in volume may be the factor that is responsible for the favorable changes in the PL properties Finally we have shown herein that these infrared emitting powder phosphors are thus able to meet marking and coding requirements, especially in low light and poor visibility.
